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Abstract

Electroncloudis aleadingmechanismlimiting RHIC in-
tensityupgrades.Electroncloudin RHIC is in aninterme-
diateregimesharingfeaturesof boththelong-bunch(PSR)
and short-bunch (photon factories)machines. Vacuum-
pressurerises,transversetuneshifts,andelectronflux are
observed at injection, upontransitioncrossing,andat top
energy. Transverseemittancegrowth, fastinstabilities,and
beamlossalsooccurupontransitioncrossing.Mitigation
measuresareimplementedbothto reducetheproductionof
electroncloudandto controlthebeamstability.

INTRODUCTION
Sincethefirst reportsfour decadesago[1]-[5], electron-

cloud effectsare found to limit the performanceof many
high-intensityandhigh-brightnesscircularaccelerators[6].
A fast, transverseelectron-protoninstability and the in-
ducedbeamloss limits the beamintensity in the Proton
StorageRing (PSR)at the Los AlamosNationalLabora-
tory (LANL) [7]. Transverseemittanceblow-upscaused
by the � -cloud limit the luminosity in the lepton facto-
ries (BEPC,KEKB, PEP-II) [8]-[11]. During operations
of the Relativistic Heavy Ion Collider (RHIC), vacuum-
pressurerisesassociatedwith electron-inducedgasdesorp-
tion arefoundto limit thenumberof storedbunchesandthe
beamintensity [12]-[14]. Electron-cloudphenomenain-
cludetransversetuneshifts(KEKB, AGSBooster, RHIC),
coupled-bunch(B factories,BEPC,PS,SPS)andsingle-
bunch (KEKB, SPS,PSR, RHIC) instabilities, vacuum-
pressurerise(RHIC etc.),emittancegrowth (KEKB, PEP-
II, SPS,RHIC), beamdiagnosticsinterference(RHIC, PS,
SPS,PSR),and heat load on superconductingcryogenic
wall (SPSbeamexperiments).

This papermainly discusses� -cloud-inducedinstability
effects in RHIC. We review key mechanismsof � -cloud
formation,andsummarizeexperimentalobservationsand
mitigationmeasures.

MECHANISM
Key mechanismspertainingto the formation of elec-

tron cloudarebeam-drivenelectronmultipactingandelec-
tron trapping. Dependingon the beamparameters,the
multipactingcanbe classifiedinto several regimes: mul-
tiple short-bunchmultipacting[4, 15, 16, 17], singlelong-

�
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Figure 1: Electron build-up due to intermediate-regime
beam-inducedmultipacting. The time betweensuccessive
bunchesis typically 108nswhenthemultipactingoccurs.
Theenergy gaindueto bunchpassageis up to 500eV.

bunch,trailing-edgemultipacting[7, 18], andtheinterme-
diateregime.For thelong-bunchanddc-beam[2, 3] cases,
beam-inducedtrappingis critical to sustainelectroncon-
centration.For theshort-bunchcases,trappingdueto mag-
neticfield is suspectedto beresponsiblefor the long elec-
tron lifetime overbeamgaps[19].

RHIC belongsto theintermediateregimewherethetran-
sit timeof theelectronscrossingthevacuumpipeis compa-
rableto thebunchlength,asshown in Fig. 1. Betweenthe
subsequentbunches,theelectronstypically reflectfrom the
vacuumchamberwall for severaltimes.Uponacceleration
by thebeambunch,theelectronsgainenergy up to several
hundredeV, and hit the wall with an averageSEY � 	 	 
 �
typically muchlargerthan1 (Fig. 2). Uponsubsequentim-
pactson thewall, theelectronenergy is low (typically be-
low 10 eV) dueto lack of beampotential,andtheaverage
secondary-emissionyield � 	 	 
 � (  � � � � � � ) is smallerthan
1. We definethe characteristicSEY � 	 	 
 � asthe product
of theaverageSEY of � 	 	 reflectionsbetweentwo subse-
quentbunchpassage.Thethresholdfor themultipactingin
this regimecorrespondsto theconditionwhen

� 	 	 
 � � � � � � 
 � 
 � � � 
 � � � � 	 	 
 � � � (1)
where

� 	 	 
 � � � � � � � � 	 	 
 � � �  ! "  � � � � � � � � 	 	 (2)

Multipacting in the intermediateregime sharesthe fea-
turesof boththeshort-bunchandlong-bunchregimes.The
build-up is not only sensitive to the bunch spacingand
bunch pattern,but also sensitive to the bunch length and
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Figure2: Examplesof secondary-electronyield asa func-
tion of theincidentelectronenergy for varioussurfacecon-
ditions(courtesyP. He,N. Hilleret, H. Hseuh,R. Todd).

Figure3: Electron’s averageenergy gain asa function of
its initial position & whenit meetsthefollow-up bunches.
The ion intensitycorrespondsto 10' ' chargesper bunch,
andthetransversermsbeamsizeis 2.4mm.

peakdensity(Fig. 3). With a shorterbunchspacing,the
numberof low-energy electronpassages( ) ) is reduced,
increasingthechanceof exceedingmultipactingthreshold* ) ) + , - . . With a shorterbunchlengthandhigherpeak
beamdensity, theelectronenergy gainuponbunchacceler-
ationbecomeshigher, leadingto a highersecondaryemis-
sion yield

* ) ) + / and
* ) ) + , . Mechanismsthatsustainelec-

tron concentrationinclude reflectionsfrom the vacuum-
chamberwall, trappingby the beamresidualin the gap,
trapping by the magneticfields, and possiblesecondary
ionizationandtrapping.

EXPERIMENT AL OBSERVATIONS

Duringtypicaloperations,upto 57ion bunchesat216ns
spacing,each containing about 10' ' charges (e.g., 100
Au 1 0 2 , 5 3 100 Au 4 0 2 , or 10' ' protons),areinjectedinto
eachring and acceleratedto the top energy for hoursof
storage.During acceleration,thebunchlengthreachesthe
minimum,andthepeakline densityreachesthemaximum
whenthebeamcrossesthetransitionenergy.

In the following, we presentRHIC observations in
two categories: effects due to electronaccumulationand
electron-ioninteractionincludingbothbunch-traindepen-
dentandbunchtrailing-edgephenomena.
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Figure4: Effective vacuumpressurerise in the (a) warm
and(b) cold region of the ring aroundtransitioncrossing
at time : ; < . Pressureon gaugebo11-cc-pw3.2located
betweenthetwo NEG-coatedpipesdoesnot rise.

Effects of Electron Accumulation
During typical operations,= -cloud doesnot noticeably

affect theprimaryion beamdynamics.Effectsdueto elec-
tron accumulationinclude vacuumpressurerise, experi-
mentalbackground,andinstrumentationinterferences.

Pressureriseoften occursin the interactionregion (IR)
wherebeamsin the two rings areboth presenteffectively
doublingthelocalbeamdensity;in regionswhereunbaked
surfacesare exposedto the beam;in regionswherehigh
SEY materialsurfaces(e.g.Bechamberin theexperimen-
tal region); whenthe bunchspacingis reducedto 108ns;
and upon transition crossingand rebucketing when the
bunchpeakdensityreachesthemaximum(Fig. 4). In both
theroom-temperature(warm)andsuperconductingmagnet
(cold) regions,an increaseof up to threeordersof magni-
tude in the effective pressureis typically observed. Tem-
peratureriseis notobservedataresolutionof about0.01K
correspondingto a heatloadof about5 W per100m.

Thevacuumpressurecanbedirectly correlatedwith the
integral electronflux on thewall measuredby a retarding-
field electron detector [14]. In addition to the beam-
inducedelectronmultipacting,beam-inducedvacuumrun-
away causedby gasdesorptionfrom the pipe surfaceand
subsequentionizationby thebeammayalsocontributeto a
pressureincrease.

Effects of Electron-ion Interaction
During2004- 2005studies,wecreatedasimplemachine

condition to enhancethe = -cloud while suppressingother
irrelevant effects [20]. We inject ion beamonly into one
(blue) of the two rings with a bunch spacingof 108 ns.



While keepingthe bunch intensity to the nominal (about
10> > charge),wekeepthenumberof bunchesto 40to avoid
uncontrollablepressureriseandbeamloss. With only 1/3
of the ring occupiedby thebeam,the total beamintensity
is alsolow (Table1).

Table 1: RHIC parametersduring year 2004 - 2005
electron-cloudstudies.
Ring circumference 3833.8 m
Ring revolutionperiod 12.79 ? s
Aperture,IR (2/6/8/10,4/12) 7, 12 cm
Aperture(arc,triplet) 7, 13 cm
Beamspecies Cu@ A B
Energy, injection- top 9.8- 100 GeV/u
Transitionenergy, C D 22.9
Bunchintensity 5 E 10A
Bunchcenterspacing 108 ns
Bunchlengthat transition,full F 5 ns
Electronbouncefrequency F 400 MHz
Peakbunchpotential F 1.6 kV
eG energy gainuponacceleration H 500 V

The ion beammotion is mostly susceptibleto I -cloud
impactat thetime of transitioncrossingwhenthelongitu-
dinal motion is non-adiabatic.Instability is likely to oc-
cur dueto lack of synchrotronoscillationandsynchrotron
frequency spread[21]. On a beamof 216 ns bunchspac-
ing, mostof theundesiredeffects(chromaticnonlinearity,
self-field mismatch,and impedance-inducedinstabilities)
neartransitionaremitigatedby the C D -jump schemedur-
ing about50msaroundthetransition[21, 22], andall insta-
bilities arecuredby adjustingthetiming andmagnitudeof
thechromaticityjump,andtheactivationof octupolemag-
nets[22]. However, thesemeasuresarenot adequatefor
instability suppressionwhenthebunchspacingis reduced
to 108ns.

Electron flux As thebeamapproachestransition,vac-
uum pressure-riseoccursduring a time of secondsas the
beampeakdensityincreases(Fig. 4). Correspondingly, the
peakvalueof theelectronflux alsoincreases.Fig. 5 shows
thegrowth of theflux alongthe40-bunchtrain at different
timeswith respectto transitionJ K L .

Beam loss Electron cloud impactsthe beammostly
within about0.1 s of transitioncrossingwhen the beam
particle motion is non-adiabatic,causingelectron-ionin-
stabilities. With the acceleratingvoltage M N O K P L L kV,
beamlossesare measuredwith the wall currentmonitor
acrossC D varyingfrom 13%for thefirst to 42%for thelast
bunch(Fig. 6). In comparison,at216nsspacingthelossis
lessthan5% uniform acrossthebunchtrain. Fig. 7 shows
about73%lossfor bunch#40with M N O K Q L L kV.

Transverseemittancegrowth Bunch-traindependent
transverseemittancegrowth at C D is observed when the
beamloss is moderate(Fig. 8). With a larger beamloss
(e.g., M N O R 200 kV cases),the dependencebecomesnot

0
S

2
T

4
U

6
V

8
W

Time [µs]

−1.5X
−1

−0.5X
0
S

0.5X

e−
de

te
ct

or
 v

ol
ta

ge
 [V

]

t=−51 s
Y
t=−3.2 s
Y
t=0.8 s
Y

(a)

,

0
S

2
T

4
U

6
V

8
W

Time [µs]

−1.5X
−1

−0.5X
0
S

0.5X

e−
de

te
ct

or
 v

ol
ta

ge
 [V

]

t=−51 s
t=−3.2 s
t=0.8 s

(b)

Figure5: Electronflux measuredin the (a) horizontaland
(b) vertical directionsneartransition( C D ) at J K L . An
ac-coupledamplifier is usedwith a low-frequency cut-off
of about300kHz. Thegrid is not biased.Thecollectoris
biasedat 50 - 100V positive.
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Figure 6: Beamlossat transitionasa function of bunch
sequencenumberwith M N O =200 kV and ] ^ _ ` K a Q unit.
Major machineparametersarelistedin Table1.
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Figure7: Beamlossandbunchsizevariationof bunch#40
near C D with M N O K Q L L kV and ] ^ _ ` K a k unit. Total 40
bunchesareinjectedwith a spacingof 108ns.Bunchtrain
dependenceof thebeamlossis similar to Fig. 6.
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Figure8: Bunchtrain dependenceof the beamemittance
growthsat t u with v w x =100kV andy z { | } ~ � unit.
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Figure9: Coherencesignalof bunch#40from theturn-by-
turnBPM data.Thehorizontalinstabilitysignalis within a
stepcausedby theorbit shift dueto t u -jump.

obvious,presumablybecauseparticlesof largeremittance
arelost. An accuratemeasurementis difficult with theion-
ization profile monitor whenthe loss-relatedpressurerise
is excessive.

Transverse fast instability Fig. 9 shows the trans-
versecoherencesignal definedas the transversecentroid
displacementmeasuredfrom the turn-by-turnbeamposi-
tion monitor(BPM). A transverseinstabilityoccursimme-
diatelyaftertransitionfor about0.1s, leadingto beamloss
andemittancegrowth thatareincreasinglyseverefor later
bunchesof thebunchtrain. Fig. 10 shows themeansquare
of differencesignalmeasuredby a “button” BPM at 0.5ns
samplingrate. Again, thehorizontalsignalis complicated
by the t u -jump inducedorbit shift.

Tune shift Bunch-traindependentcoherenttuneshifts
wereobservedduringtheinjectionof protonbunchesat an
intensityof 0.3� � � � � per bunch and108 ns bunchspac-
ing. The tuneshift of about2.5� � � � � correspondsto an
electrondensityof up to 2 nC/m [13]. Measurementof
bunch-dependenttuneshift duringaccelerationrampingis
yet to beattempted.

Bunch trailing-edge phenomena Fig. 11 shows that
beamlossneart u occursmostlyat thetrailing edgeof the
bunchmatchingthe � -cloudmechanism.Computersimula-
tion (Fig. 12)shows thattheelectrondensityat thetrailing
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Figure 10: Mean squareof the differencedisplacement
measuredby the“button” BPM samplingevery0.5ns.
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Figure11: Evolution of the longitudinalprofile uponthe
beamlossneart u with v w x =300kV and y z { | } ~ � unit.

edgeof the bunchis about3 timesthatat the rising edge.
In thelongitudinaldirection,neitherinstability nor bunch-
traindependentemittancegrowth areobserved.

MITIGA TION MEASURES
Control of the electron-cloudeffects involvesreducing

the uncontrolledbeamloss, suppressingelectrongenera-
tion, andenhancingLandaudamping. The inner surface
of the stainless-steelpipe in the RHIC warm region are
beingcoatedwith non-evaporative getter(NEG) to lower

Figure12: Simulationof the ion beambunchlongitudinal
profile (purple),electrondensityin thevacuumpipe(red),
andin thebeam(blue)indicatingthegrowth of � -cloudand
theenhancementat thebunchtrailing edge.
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Figure14: Averagebeamlossat � � asafunctionof theRF
voltagewith   ¡ ¢ £ § ¬  unit.

both the secondaryemissionanddesorptionyield, andto
increaselocal vacuumpumping. Beamexperimentscon-
firmedtheeffectivenessof thecoatingin reducingthepres-
surerise (Fig. 4). Solenoidalfields appliedin the warm
sectionalsoreducesthepressurerise[14]. Thecold region
is pumpeddown to a pressurebelow ® ¯ ® © ° ± Torr before
thecryogeniccool down to reducethephysi-sorbedgasto
sub-monolayers[23].

During 2004- 2005studies,it is shown that beamloss
inducedby the transverseinstability is modestlyreduced
by the dampingby octupolefamilies (Fig. 13), and dra-
matically reducedby loweringtheRF voltagesothatpeak
beamdensity, electronenergy gain,andelectronmultipact-
ing areall reduced.RFmanipulationusingmulti-harmonic
RF or inductionRF is alsoexplored(Fig. 14) [24].

DISCUSSIONSAND SUMMARY
Electroncloud is found to be a seriousobstacleon the

RHIC upgradepath. At a bunchspacingcorrespondingto
twicethedesignnumberof bunches,electronaccumulation
andelectron-ioninteractionarefound to causetransverse
instabilities,emittancegrowth, andbeamlossalongwith
vacuumpressureriseduringtransitioncrossing.

Many questionsremain to be answered. (1) It is not
clear why the beamlossof the first bunch in the train is
muchhigher than the nominal. More detailedlogging of
thevacuumpressure(every0.1sinsteadof 1 s)mayclarify
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Figure 15: Longitudinal phasespaceshowing the reduc-
tion of peakbunchdensitynear � � usingan inductionRF
system[24].

the gasscatteringcontribution. (2) It is not clearwhether
the instability alonecausesmore than 70% beamloss in
10 ms; what arethe principle instability modes[25]; and
why beamlossandthetransverseinstabilityoccuronly af-
ter but not beforetransition. A possibleexplanationyet
to beverifiedis a sizabletuneshift dueto » -cloudcoupled
with atransition-jumplatticecloseto resonance.» -detector
dataneedsto beloggedin finersteps(1 nsinsteadof 10ns)
to explore » -cloudgenerationwithin eachsinglebunch.

We thankR. Calaga,M. Furman,C. Montag,K. Ohmi,
andF. Zimmermannfor many helpsanddiscussions.
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